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ABSTRACT 


The  severe  embrittlement  caused  by  a  suitable  history 
of  strain  and  temperature  has  been  confirmed  also  for  steel 
conforming  to  ABS-B  classification.  Steel  prestrained  in  com¬ 
pression  by  about  50% at  70F  and  subsequently  tested  in  ten¬ 
sion  fractures  at  an  extensional  strain  of  the  order  of  1%.  Pre¬ 
straining  at  550  F  by  even  25%  can  cause  brittleness  in  exten¬ 
sion  at  -16  F.  Local  severe  embrittlement  of  this  nature  has 
been  shown  to  be  the  basic  cause  of  the  static  initiation  of 
brittle  failure  of  structures  at  low  average  stress.  This  is  con¬ 
firmed  by  service  failures,  whose  origin  is  frequently  traced 
to  cold  worked  areas,  or  to  the  hot  strained  regions  of  defects 
close  to  welds . 

It  is  shown  that  a  suitable  heat  treatment  can  restore 
appreciable  ductility  to  steel  embrittled  by  hot  or  cold  strain¬ 
ing.  The  duration  of  heating  decreases  with  the  temperature, 
but  increases  very  rapidly  with  the  amount  of  prestrain.  To 
each  temperature  corresponds  a  limiting  prestrain  for  which 
heat  treatment  becomes  impractically  long.  Cold  strained 
steel  requires  considerably  longer  heat  treatment  and  higher 
temperatures  (1000-1200  F)  than  hot  strained  steel  (700-1000 
F).  Approximate  time-temperature-prestrain  curves  have  been 
experimentally  determined. 

The  results  confirm  that  a  major  beneficial  effect  of  the 
so-called  "thermal  stress-relieving"  treatment  is  a  restoration 
of  the  ductility  of  locally  embrittled  steel. 
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INTRODUCTION 


The  understanding  of  the  mechanism  of 
brittle  fracture  of  structures  was  greatly 
advanced  by  the  fundamental  observations 
of  Wells  (1,2)  and  the  analysis  of  Drucker 
(3),  which  related  the  overall  static  be¬ 
havior  of  a  structure  to  the  amount  of 
plastic  deformation  at  the  most  severely 
strained  region.  Typically  brittle  failures 
under  static  central  loading  are  those 
occurring  before  the  incidence  of  general 
yielding  of  the  cross-section,  when  the 
plastic  strains  at  the  root  of  cracks  or 
notches  are  relatively  small  and  the 
average  stress  smaller  that  yield.  Con¬ 
versely  a  ductility  smaller  than  needed 
at  the  roots  of  cracks  or  notches  when 
general  yielding  begins,  should  cause 
fracture  at  an  average  stress  level  lower 
than  yield,  hence  brittle  fractures.  Or¬ 
dinary  structural  steels  tested  in  the 
laboratory,  however,  had  been  found  to 
have  sufficient  ductility  so  as  to  avoid 
low  static  stress  fracture  in  spite  of 
cracks  and  a  low  temperature.  Conse¬ 
quently,  it  became  clear  that  service 
fractures  occurring  under  static  loading 
at  low  average  stress  indicated  a  loss  or 
reduction  of  the  initial  ductility  of  struc¬ 
tural  steel  in  the  regions  of  cracks  or 
notch  roots.  This  has  been  experimentally 
verified  by  deliberately  damaging  the 
steel  so  as  to  reduce  its  ductility  at  the 
notch  roots  in  order  to  obtain  fractures 
at  low  average  stress.  The  reduction  of 
ductility  was  achieved  in  the  laboratory 
by  prestraining  notched  plates  in  com¬ 
pression.  (4-6)  When  subjected  to  sub¬ 
sequent  tension  these  essentially  unwelded 
plates  fractured  at  an  average  net  stress 
as  low  as  10%  of  yield.  Extensive  re¬ 
search  (4-16)  with  prestrained  notched 
plates,  bent  beams,  and  axially  com¬ 
pressed  bars,  has  shown  that  the  duc¬ 
tility  of  steel  depends  on  the  whole  history 
of  prior  strain  and  temperature,  and  may 
be  drastically  exhausted  by  cold  straining 
of  a  closely  determined  amount,  and  far 
more  easily  by  straining  at  about  500- 
600°F.  The  exhaustion  of  ductility  caused 


by  suitable  straining  appears  as  a  major 
factor  in  the  mechanism  of  static  brittle 
fracture  initiation.  This  is  in  striking 
agreement  with  the  general  finding  that 
service  failures  are  initiated  in  cold- 
worked  regions  or  at  defects  close  to 
welds,  where  complex  hot  straining 
occurs. 

Brittle  fracture  initiation  close  to  welds 
was  first  simulated  in  the  laboratory  by 
Greene  (19)  with  plates  butt-welded  along 
edges  containing  prepared  notches. 
Similar  tests  were  systematized  by  Wells 
(1,2,20)  and  with  many  variations  by 
several  other  investigators  (2 1-30)  .  The 
early  cracks  and  failures  of  these  plates 
have  been  mostly  attributed  to  the  strong 
longitudinal  residual  tension  of  the  ther¬ 
mally  contracting  region  adjacent  to  the 
weld.  A  strong  argument  in  favor  of  this 
view  has  been  the  prevention  of  fracture 
by  the  so-called  “thermal  stress-reliev¬ 
ing”  operation  which  consists  of  heating 
to  about  1200°F.  Nevertheless,  opinions 
vary  widely  on  the  subject  of  the  influence 
of  residual  stresses  (6,13, 18,30,31).  With 
our  present  knowledge  it  is  readily  seen 
that  the  local  embrittlement  resulting  from 
the  complex  hot  straining  during  the  weld¬ 
ing  cycle  is  the  most  likely  cause  of  the 
test  plate  failures  at  the  welded-over 
notches,  and  of  service  failures  originating 
close  to  welds  (12) . 

Increasing  attention  has  been  given  in  the 
last  years  to  the  importance  of  the  em- 
brittlemeht  caused  by  the  history  of  strain 
and  temperature,  particularly  in  the  vicin¬ 
ity  of  welds  (18,25,26,32).  The  change  of 
ductility  of  the  parent  plate  near  a  weld 
has  been  confirmed  by  hardness  measure¬ 
ments  (33),  and  by  tension  (34)  and  impact 
tests  (35)  of  notched  specimens  taken  at 
various  distances  from  the  weld.  A  number 
of  independent  investigators  starting  from 
different  points  of  view  have  studied 
various  aspects  of  the  influence  of  the 
history  of  strain  and  temperature  on  the 
properties  of  steel  (36-56)  Notable  among 
these  is  the  work  of  Korber,  Eichinger, 
and  Mdller,  (36)  which  had  escaped  the 
attention  of  all  subsequent  investigators. 

If  the  cause  of  the  failures  originating  at 
discontinuities  near  welds  or  in  cold 
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worked  regions  is  the  embrittlement 
caused  by  hot  or  cold  straining,,  the 
highly  beneficial  effect  of  the  so-called 
“thermal  stress  relieving  treatment” 
should  be  a  restoration,  at  least  in  part, 
of  the  ductility  of  the  steel.  “Mechanical 
stress  relieving”  (21,41)  may  also  re¬ 
store  some  ductility  as  shown  by  instances 
of  strain -softening  (39,40).  Heat  treatment 
at  temperatures  higher  than  1100-1200°F 
is  employed  after  forming  or  spinning. 

Lagasse  and  Hoffmans  (45-47)  have  con¬ 
firmed  that  steel  sheet  embrittled  by 
cold  forming  could  be  made  sufficiently 
ductile  by  heating  at  about  1100  F,  i.e. 
at  the  stress  relieving  temperature.  A 
small  number  of  preliminary  tests  (15) 
with  E-,  ABS-C  and  A-7  type  steel  em-. 
brittled  by  cold  compression  supported 
this  view. 

The  purpose  of  the  present  tests  is  to 
study  the  relation  between  the  required 
duration  and  temperature  of  heat  treat¬ 
ment  and  the  amount  and  temperature  of 
prestrain.  Besides  their  practical  useful¬ 


ness  for  “stress  relieving”,  the  results 
could  give  some  indication  on  the  nature 
of  the  processes  involved  in  the  restora¬ 
tion  of  ductility  and  on  the  physical  causes 
of  the  initial  embrittlement.  The  precision 
of  the  tests  depended  on  the  ability  to 
produce  controlled  embrittlement,  and  to 
heat  rapidly  to  the  desired  temperature  so 
as  to  avoid  significant  influences  of  the 
intermediate  temperatures.  Controlled 
prestrain  was  effectively  produced  with 
the  reversed  bent  test.  The  rapid  heating 
was  achieved  by  immersion  in  a  lead  bath. 

2.  EXHAUSTION  LIMITS  OF  ABS-B 
STEEL 

2a.  Material.  The  bars  used  in  all  tests 
were  cut  in  the  direction  of  rolling  from 
3/4  in.  plates  conforming  to  ABS  Class 
B  specifications,  of  the  same  heats  as 
plates  tested  at  the  National  Bureau  of 
Standards.  Composition  and  properties 
are  shown  in  Tables  I  and  II. 

2b.  Testing  Method.  Exhaustion  limits  in 
cold-straining.  The  reversed  bent  test 


TABLE  I.  COMPOSITION  OF  ABS-B  STEEL. 


c 

Hr 

P 

s 

SI 

Ml 

Cu 

Cr 

A1 

N 

Minimum 

Maximus 

0.14 

0.18 

0.91 

1.07 

0.009 

0.012 

0.018 

0.028 

0.041 

0.056 

0.021 

0.040 

0.051 

0.096 

0.023 

0.031 

0.02 

0.03 

0.004 

0.006 

Typical 

■  —  . — 

0.14 

0.1$ 

1.04 

0.94 

0.011 

0.009 

0.018 

0.027 

0.0S6 

0.046 

— 

0.023 

0.040 

_ 

0.083 

0.094 

0.031 

0.023 

0.02 

0.02 

0.004 

0.00$ 

TABLE  II.  PROPERTIES  OF  ABS-B  STEEL. 


Yield 

Point 

kai 

Ultla. 

Strength 

kai 

Elong. 

(8*) 

% 

Finish 

TJJP. 

Ferrite 

Grain 

Slse 

°F 

Nil  Duet. 
Teiap.  r 

Cm  tar 

rlbroua 

TV10 

T 

v!5 

1V20 

50% 

o 

r 

10% 

0 

F 

Hasi.ua 

32.6 

31.0 

1600 

7.8 

-30 

-24 

m 

-20 

24 

-22 

Minima 

35. 7 

33.0 

1725 

8.2 

-5 

warn 

-10 

39 

-10 

Typical 

33.8 

33.0 

1640 

7.8 

-5 

18 

-10 

37 

-14 

35.7 

32,0 

1600 

8.1 

-ii 

♦11 

-10 

28 

-15 

Fro.  12  aaalyaea  aid  »  teeta  by  the  Mat.  Bureau  of  Standard!  on  piecee  taken  from  pi* tea  of  tbe 

a  ana  boat  aa  uaad  la  tha  preeent  teata. 
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(13,14)  was  employed  throughout  the  pre¬ 
sent  investigation.  Bars  of  dimensions 
9  x  1.00  x  0.75  in.  are  bent  at  first 
slightly  in  four  point  loading  (Fig.  la), 
and  then  more  in  longitudinal  compression 
till  they  buckle  and  bend  by  various 
amounts  (Fig.  lb).  This  is  referred  to  as 
the  prestrain  or  initial  bending.  The  final 
test  consists  of  pulling  the  bars  open  in 
a  reversed  bending  action  (figures  lc  and 
2).  The  compressive  prestrain  e0  at  the 
intrados  (which  is  one  of  the  as -rolled 
surfaces  of  the  steel  plate)  is  calculated 
from  the  radius  of  curvature  R  and  the 
bar  thickness  h 

e  =  h/( 2R+h) 
o 

As  was  found  with  tests  of  other  steels, 
bars  prestrained  above  a  certain  limit 
are  brittle  and  fracture  in  reverse  bend¬ 
ing  at  small  strains  and  low  loads.  Bars 
prestrained  below  this  limit  have  suf¬ 
ficient  ductility  so  as  not  to  fracture 
even  when  pulled  open  by  large  amounts, 
corresponding  to  large  extensional  strains 
and  high  loads.  The  prestrain  causing  the 
sudden  reduction  of  ductility  is  referred 
to  as  the  exhaustion  limit.  The  great 
convenience  of  the  reversed-bend  tests 
is  the  ease  with  which  the  exhaustion 
limit  may  be  determined  by  simple 
measurement  of  the  load  at  fracture.  As 
shown  in  Figure  3  (right)  bars  prestrain¬ 
ed  at  70°F  by  more  than  0.55  (55%)  and 
aged  (1  1/2  hours  at  300°F)  cracked  or 
fractured  in  subsequent  reversed  bend¬ 
ing  at  70°F  under  loads  well  below  3000 
lb.  On  the  contrary  bars  prestrained 
below  0.55  did  not  break  at  loads  well 
above  5000  lb.  Bars  withstanding  the 
arbitrary  load  of  5000  lb.  are  called 
ductile;  those  breaking  at  loads  below 
5000  lb.  are  brittle.  Any  other  load 
limit  higher  than  about  3000  lb.  would 
give  the  same  exhaustion  limit  of  0.55 
for  these  conditions  of  testing.  The  ex¬ 
haustion  limit  is  usually  determined  with¬ 
in  a  strain  of  10.02  or  ^ess-  *or  1,313 
prestrained  at  70°F,  aged  and  tested  at 
-16°F  the  exhaustion  limit  lies  between 


FIG.  lc 

THIRD  STAGE 
REVERSED  BENDING 


FIG.  1.  SCHEMATIC  BENT  BAR  TESTING. 


FIG.  2.  HORIZONTAL  TESTING  MACHINE 
FOR  BENT  BARS  IMMERSED  IN  COOLING 
BATH.  (TANK  MOVED  TO  THE  LEFT). 
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0.45  and  0.48  (Fig.  3,  left).  The  detailed 
results  of  62  tests  plotted  in  Figure  3  are 
given  in  Table  III. 

During  final  testing,  all  bars  were  im¬ 
mersed  in  a  liquid  bath.  This  reduced  the 
localized  heating  caused  by  plastic  work, 
provided  the  test  was  slow,  and  eliminated 
the  convection  heating  of  bars  tested  at 
-16°F.  A  special  horizontal  hydraulic 
testing  machine  was  built  for  this  purpose 
(Fig.  2).  The  legs  of  the  U-shaped  bars 
are  upright,  and  the  lower  curved  part 
hangs  inside  a  cooling  tank  (moved  to 
the  left  in  Figure  2).  Water  was  used  for 
the  tests  at  70°F,  and  glycerine  at  60% 
concentration  for  the  tests  at  -16°F. 
Glycerine  was  not  found  to  affect  sig¬ 
nificantly  the  results. 

The  exhaustion  limit  is  a  sensitive 
indicator  of  the  influence  of  many 

variables  on  the  embrittlement  of  steel. 
A  reduction  of  the  exhaustion  limit  in¬ 
dicates  a  stronger  embrittling  action, 
since  a  lower  prestrain  exhausts  the  duc¬ 
tility  to  the  point  of  brittleness.  An  in¬ 
crease  of  the  exhaustion  limit  indicates  a 
less  embrittling  action.  Thus,  aging  and 
low  testing  temperatures  reduce  the  ex¬ 
haustion  limit. 


FIG.  3.  EXHAUSTION  LIMITS  OF  ABS-B 
STEEL  INITIALLY  BENT  AT  70*  AND 
AGED. 


2c.  Warm  prestraining.  As  discussed 
elsewhere  (12,15)  the  easier  embrittle¬ 
ment  caused  by  straining  at  about  500  to 
600°F  is  related  with  the  initiation  of 
brittle  fracture  at  defects  close  to  welds. 
The  most  embrittling  temperature  and 
the  corresponding  reduced  exhaustion 
limit  may  prove  useful  indications  of  how 
prone  a  steel  is  to  such  embrittlement. 

Bars  were  prestrained  at  various  tem¬ 
peratures  up  to  850°F.  After  heating  in 


TABLE  III.  EXHAUSTION  LIMIT  OF 
BARS  OF  ABS-B  STEEL  PRESTRAINED 
AT  70°  AND  AGED. 


TESTS  AT  -16«r 


Strain 

Taat  Load  (lb.) 

Arr.  Crack 

Tractura 

.»s 

t 

.to 

♦ 

.*s 

♦ 

.45 

♦ 

.45 

200 

2450 

.*6 

♦ 

>6 

♦ 

... 

♦ 

.“6 

2600 

.*6 

* 

.*6 

000 

.*7 

•100 

2600 

•700 

.46 

•00 

2400 

.M 

♦ 

.49 

2600 

.49 

2700 

... 

•00 

2700 

.49 

♦ 

1090 

.■*9 

1975 

.•*9 

100 

2400 

>9 

500 

1750 

.*9 

250 

1650 

2)00 

100 

1150 

100 

1150 

100 

1440 

100 

12)0 

*  fc  hntM  at  moo 


TESTS  AT  70* T 

Taut  Load  ( lb.) 

Arr.  Crack 

rractura 

.40 

♦ 

.45 

♦ 

.51 

♦ 

.51 

♦ 

.51 

♦ 

.51 

♦ 

.51 

♦ 

.51 

t 

.53 

t 

.53 

♦ 

.53 

♦ 

.53 

♦ 

.55 

♦ 

.55 

500 

700 

.55 

♦ 

.55 

2200 

2300 

.56 

•00 

1M0 

.56 

1550 

1650 

.56 

150 

400 

.56 

1900 

2100 

.56 

550 

1650 

.56 

300 

1450 

.57 

650 

1900 

.57 

550 

1600 

.57 

2300 

2400 

.57 

1000 

1)00 

.62 

200 

2060 

.62 

100 

1(50 

MalvalMt  ta  war  90  kal. 


5 


an  oven  to  the  required  temperature  the 
bars  were  given  the  initial  four-point 
bending  (Fig.  la),  and  after  reheating 
for  about  30  min.,  they  were  bent  to  the 
required  radius  and  left  to  cool.  One  or 
more  days  later  they  were  tested  in  re¬ 
versed  bending  (Figures  lc  and  2)  at 
70°F  or  -16°F.  The  results  of  76  tests 
at  70°F  and  of  82  tests  at  -16°Fare  given 
in  Tables  IV  a,  b  and  V  a,  b,  and  i 
graph  form  in  Figures  4  and  5,  where 
the  temperature  of  prestrain  is  plotted 
against  the  amount  of  prestrain,  and  the 
behavior  of  the  bars  in  subsequent  ten¬ 
sion  is  marked  by  a  black  circle  when 
brittle,  and  by  an  open  circle  when  duc¬ 
tile  (i.e.  when  no  fracture  had  occurred 
under  5000  lb.  or  more).  A  "worst” 
temperature  range  exists  around  550°F, 
for  bars  tested  at  70°  as  well  as  -16°F. 


TABLE  IV  (b) 


TABLE  IV  (a)  and  (b). 

EXHAUSTION  LIMIT  OF  BARS  OF  ABS-B  STEEL 
PRESTRAINED  HOT  AND  TESTED  AT  70*  F. 


TABLE  V a. 

EXHAUSTION  LIMIT  OF  BARS  OF  ABS-B  STEEL 
PRESTRAINED  HOT  AND  TESTED  AT  -16°  F. 


BA* 

INITIAL  BEND 

TEST  WAD  (lb) 

FRACTURE  STRESS 

Stroin  °r 

(23 

4N/bd*  k»t 

n 

0.23  500 

■■■H 

1 

♦ 

m 

500 

■  u 

■» 

♦ 

•  40 

0.24  550 

HU 

B  47 

550 

H 

♦ 

B  4 

0.37  450 

H '  1 1  ■ 

t 

■  s 

450 

♦ 

♦ 

1  14 

550 

3510 

B  15 

550 

♦ 

♦ 

B  1 

550 

t 

♦ 

B  2 

650 

♦ 

• 

B  52 

0.30  450 

♦ 

*  1 

B  53 

450 

♦ 

♦ 

B  4B 

550 

1510 

77.5 

B  *B 

550 

♦ 

♦ 

B  54 

650 

♦ 

♦ 

B  55 

610 

|  B 

♦ 

* 

hbb 

♦ 

« 

2060 

43.4 

♦ 

♦ 

1650 

- 

♦ 

B 

2100 

43.6 

♦ 

♦ 

♦ 

♦ 

HUB 

:HB 

* 

♦ 

B  43 

0.35  550 

2060 

43.6 

B  43 

550 

♦ 

♦ 

>  3B 

0.37  400 

♦ 

B  3* 

400 

120 

2140 

- 

a  21 

450 

1650 

2060 

- 

B  2» 

450 

2060 

*6,6 

B  70 

550 

1030 

2270 

- 

B  71 

550 

620 

1650 

- 

B  51 

550 

1240 

1630 

- 

B  51 

550 

1650 

2060 

• 

B  JB 

650 

1130 

1440 

• 

B  27 

650 

1130 

1440 

- 

B  36 

700 

3000 

T?.'i 

B  37 

700 

1650 

Hit 

B  5* 

BOO 

♦ 

♦ 

B  57 

BOO 

4 

♦ 

•  li  frwti  at  MOO  10. ,  vplvalMt  to  omr  00  kit. 


BAR 

INITIAL  BEND 

TEST  LOAD  ( lb) 

FRACTURE  STRESS 

strain 

Arr.  Crack 

rnctur* 

4H/M2  ktl 

B  05B 

0.20 

♦ 

♦ 

B  05* 

♦ 

* 

■ESI 

0.22 

4330 

B1.5 

4540 

62.4 

Srhh 

0.23 

500 

♦ 

B  07 

500 

4650 

75.0 

B  046 

1650 

1660 

- 

1  046 

3620 

76.7 

B  056 

• 

t 

B  057 

4340 

•5.5 

B  036 

0.24 

400 

• 

♦ 

B  036 

400 

* 

* 

B  030 

450 

3720 

70.7 

B  031 

450 

2270 

46.0 

B  052 

550 

3510 

70.0 

B  053 

530 

1650 

34.B 

B  032 

650 

1650 

. 

B  033 

650 

3510 

70.0 

B  0M 

700 

♦ 

B  037 

700 

♦ 

♦ 

B  060 

0.27 

400 

• 

♦ 

B  061 

400 

* 

• 

B  04 

•20 

a  05 

• 

♦ 

B  062 

2060 

B  063 

1050 

B  02 

3710 

B0. 7 

B  03 

3620 

•3.0 

B  022 

2410 

51.1 

1  023 

_ 

♦ 

♦ 

B  064 

300 

■ .  H 

* 

♦ 

&»0 

♦ 

400 

2400 

400 

IBM 

450 

2370 

51.0 

*30 

2660 

67,0 

550 

1*50 

$50 

1240 

650 

1050 

*6.0 

B  027 

650 

26  B0 

62.6 

B  040 

750 

« 

♦ 

750 

3670 

•7.2 

M0 

♦ 

♦ 

BOO 

■ 

♦ 

♦ 

*  *•  frottoro  at  MOO  U.,  ooolvoloot  to  mt  M  kal. 


TABLE  Vb.  EXHAUSTION  LIMIT  OF  BARS 
OF  ABS-B  STEEL  PRESTRAINED  HOT  AND 
TESTED  AT  -16°  F. 


♦  Mo  fracture  at  5000  ib.,  aqulvaient  to  o*»r  #0  kal. 


The  prestrain  at  the  “worst"  temperature 
causing  brittleness  at  70°F,  is  just  over 
half  the  prestrain  at  room  temperature 
(about  0.32  as  compared  to  0.55).  For 
tests  at  -16°F  the  difference  is  even  more 
pronounced:  the  prestrain  at  the  “worst” 
temperature  is  less  than  half  that  at  70°F 
(about  0.22  as  compared  to  about  0.471. 

As  the  prestrain  temperature  rises  above 
about  600°F,  the  exhaustion  limit  in¬ 
creases  again,  showing  a  weaker  em¬ 
brittling  effect.  Above  about  900°  the  ex¬ 
haustion  limit  is  higher  than  at  room 
temperature. 


3.  RESTORATION  OF  DUCTILITY  BY 
HEATING 

3a.  Heat  treating  procedure.  Preliminary 
tests  have  shown  (15)  that  oven  heating 
produces  a  very  slow  temperature  rise 
in  the  bars.  Cold  bars  would  reach  the 
oven  temperature  in  about  30  minutes. 
This  long  heating  time  obscured  the  time - 
temperature  relationship  for  heat  treat¬ 
ment.  A  more  rapid  electrical  resistance 
heating  was  tried.  A  2  volt  4000  amp. 
current  from  a  modified  lighting  trans¬ 
former  with  a  single  turn  secondary 


FIG.  4.  EXHAUSTION 
LIMITS  OF  ABS-B 
STEEL  INITIALLY  BENT 
HOT. 
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FIG.  5.  EXHAUSTION 
LIMITS  OF  ABS-B  STEEL 
INITIALLY  BENT  HOT. 


winding  was  passed  through  the  bent  bars 
held  in  special  clamps.  The  temperature 
was  measured  with  thermocouples  on  the 
specimens,  and  was  found  to  reach  the 
desired  level  in  less  than  3  minutes,  but 
non-uniform  heating  resulted,  with  a  hot 
region  at  the  intrados.  The  only  satis¬ 
factory  method  of  uniform  and  rapid 
heating  was  by  immersion  of  the  pre¬ 
strained  bars  in  a  commercial  lead  bath 
thermostatically  controlled  to  within  +5°F. 
The  bars  were  first  immersed  partially, 
with  the  legs  of  the  U-shaped  bars  in  the 
lead  bath  and  the  intrados  outside.  Three 
minutes  later,  when  the  intrados  had 
been  heated  to  about  100°F  below  the 
bath  temperature,  and  the  lead  bath  had 
recovered  its  set  temperature,  the  bars 
were  totally  immersed,  and  in  two  more 
minutes  were  within  5  degrees  of  the 
bath  temperature.  This  was  taken  as  the 
beginning  of  the  heat  treating  period  in 
all  tests.  The  effect  of  the  short  heating 
time  below  the  test  temperature  is  neg¬ 
ligible.  For  example,  bars  bent  cold  to  a 
prestrain  of  0.55  and  tested  at  -16°F, 
were  made  ductile  by  a  heating  of  about 
10  minutes  at  1150°F,  20  minutes  at 
1100°F  and  not  even  2  hours  at  1050°F 
(Figures  8  and  9).  The  rate  of  restoration 
of  ductility  decreases  quite  rapidly  when 


the  temperature  drops. 

3b.  Description  of  the  tests  The  tests 
included  bars  strained  at  70° F  and  at 
the  “worst"  temperature  of  550°F,  and 
tested  after  heat  treatment  at  70°  and  at 
-16  °F.  The  bars  were  prestrained  by 
various  amounts  above  the  exhaustion 
limit  for  the  specific  conditions  of  each 
test,  so  that  without  heat  treatment  they 
should  have  all  been  brittle.  With  bars 
prestrained  at  70°F  the  exhaustion  limit 
was  about  0.55  for  tests  at  70°F,  and 
about  0.45-0.48  at  -16  F;  and  with  bars 
prestrained  at  550  F  it  was  about  0.30- 
0.35  for  tests  at  70  F  and  about  0.21- 
0.22  for  tests  at  -16  F. 

The  duration  of  heat  treatment  varied, 
from  3  to  120  minutes.  Temperatures 
between  1000  and  1150  F  for  cold  strained 
bars,  and  between  700  to  1000  F  for  hot 
strained  bars  were  tried. 

3c.  Test  results.  The  results  of  206  tests 
of  cold  strained  bars  and  311  hot  strained 
bars  are  given  in  Tables  VI  to  XXII.  The 
results  are  also  plotted  in  the  graphs  of 
Figures  6  to  16,  according  to  temperature 
of  prestrain,  of  heat  treatment,  and  of 
test,  in  these  figures  the  heat  treating  time 
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TABLE  VI.  RESTORATION  OF  DUCTILITY  OF 
BARS  OF  ABS-B  STEEL  PRESTRAINED  AT  70  F 
HEAT  TREATED  AT  1000  F;  TESTED  AT  70  F. 


BAR 

PRE- 

STRA1H 

HEAT  TREATNEHT 

TEST  LOAD  (lb) 

TRACTURE  STRESS 

4H/bd*  kti 

•r 

Mlnutaa 

Arc.  Crick 

rneojr* 

*39 

0.56 

1000 

3 

2300 

*40 

3 

- 

« 

♦ 

l«i 

5 

- 

. 

♦ 

*42 

3 

- 

♦ 

♦ 

tkl 

0.37 

1000 

3 

_ 

4700 

*30 

3 

- 

2*00 

•  37 

5 

. 

» 

♦ 

*)• 

5 

- 

, 

♦ 

633 

10 

. 

. 

♦ 

*34 

10 

- 

♦ 

♦ 

*4] 

0.39 

1000 

13 

2500 

3050 

_ 

*44 

15 

1600 

ttl 

30 

- 

3100 

•  32 

30 

- 

• 

« 

•  31 

60 

- 

, 

» 

M0 

60 

4900 

Hi* 

o.*o 

1000 

30 

2500 

•  52* 

30 

2300 

•  •7* 

•0 

- 

2*00 

•  M* 

to 

3030 

7X9* 

120 

- 

7900 

720* 

120 

- 

4(00 

•73* 

0.M 

1000 

90 

- 

4*00 

•7** 

90 

3100 

♦  Ho  tract  lira  at  SOOO  1 b.,  •qulvalant  to  oaar  10  kti. 

*  Short ar  bars.  Higbaat  load  ia  9300  lb.,  aqulvalaat  to  ooor  W  kai. 


TABLE  VII.  RESTORATION  OF  DUCTILITY  OF 
BARS  OF  ABS-B  STEEL  PRESTRAINED  AT  70  F 
HEAT  TREATED  AT  1050  F;  TESTED  AT  70  F. 


»AR 

RRE- 

STRAIH 

HEAT  TREATHEHT 

TEST  LOAD  (lb) 

TRACTURE  STRESS 

4R/MJ  kol 

•r 

NlMlt«S 

Air.  CfMk 

rrMmr* 

•97 

0.59 

1050 

3 

_ 

2100 

•  31 

S 

- 

1*50 

921 

5 

- 

♦ 

922 

3 

* 

* 

971 

0.57 

1050 

3 

♦ 

972 

5 

*900 

991 

0.59 

1050 

9 

. 

2700 

992 

9 

- 

*500 

•  33 

13 

• 

♦ 

•  3* 

IS 

1200 

1*00 

» 

•  23 

30 

- 

♦ 

♦ 

924 

30 

“ 

♦ 

♦ 

711* 

o.to 

1050 

IS 

- 

•  100 

712* 

13 

- 

3300 

721* 

30 

- 

72  2« 

30 

- 

3300 

743* 

•0 

- 

3770  4 

• 

744* 

60 

- 

3460  « 

- 

731* 

*0 

• 

4740 

74.9 

792* 

(0 

- 

3300  * 

737* 

•0 

• 

4930 

73.9 

739* 

90 

4990 

99.0 

723* 

0.62 

1050 

30 

. 

5900 

72** 

30 

- 

3200 

745* 

120 

- 

2MO  i 

- 

749* 

120 

2990  « 

* 

977* 

0.93 

1050 

30 

3100 

•  71* 

* 

30 

• 

4700 

•  •3* 

- 

4400  X 

994* 

60 

' 

4700  H 

a  Ho  froetura  at  SOOO  lb.,  oquivalant  to  °rar  M  kai, 

•  Short  or  bars.  Hlgbaat  load  la  »>oo  lb.,  aqul*«laat  ta  aw  to  kai. 
a  Fra-o»latl*4  a  rook,  oa  Mm  by  dtaaalaiad  yort  af  fraatara  aarfaaa. 


TABLE  VIII.  RESTORATION  OF  DUCTILITY 
OF  BARS  OF  ABS-B  STEEL  PRESTRAINED  AT 
70  F  HEAT  TREATED  AT  1 100  F;  TESTED  AT 
70  F. 


a  ikortor  boro.  Hi  (ha  at  load  la  MOO  lb.,  aquloaloat  to  oaar  00  kai. 
a  hra-oalatlag  araafc,  aa  akaa  by  diaaalorad  yart  af  tba  fraatara  aarfaaa. 


is  plotted  against  the  amount  of  prestrain, 
which  is  always  higher  than  the  cor¬ 
responding  exhaustion  limit  shown  in  the 
legend.  Bars  deforming  without  fracture 
under  a  load  up  to  or  beyond  5000  lb.  are 
termed  ductile  and  are  represented  by 
open  circles.  Bars  fracturing  at  lower 
loads  are  termed  brittle  and  are  re¬ 
presented  by  full  circles.  To  produce 
prestrains  of  0.60  or  more  (cold  strained 
bars)  it  was  found  necessary  to  shorten 
the  bars,  otherwise  their  legs  would 
touch  during  bending.  These  shorter  bars 
are  indicated  by  an  asterisk  in  Tables  VI 
to  XII,  and  were  tested  to  the  calculated 
equivalent  load  of  6300  lb.  It  was  also 
found  that  some  of  the  most  highly  strain¬ 
ed  bars  had  developed  cracks  before  the 
final  test,  as  was  obvious  from  discolored 
areas  of  the  fracture  surfaces.  Thesebars 
are  marked  by  the  sign  x  and  are  not  taken 
under  consideration. 
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TABLE  IX.  RESTORATION  OF  DUCTILITY  OF 
BARS  OF  ABS-B  STEEL  PRESTRAINED  AT 
70  F  HEAT  TREATED  AT  1 150  F;  TESTED  AT 
to  F. 


BAR 

PR£- 

HCAT  TREATMENT 

TEST  LOAD  (lb) 

FRACTURE  STRESS 

«r 

Minutes 

Arr,  Creek 

rraetura 

*H/bd3  kai 

*17 

0.S7 

1X50 

3 

: , 

* 

6X1 

3 

.  ♦ 

* 

669 

C  .59 

XXSO 

■  ♦ 

♦ 

'670 

5 

♦ 

♦ 

629 

10 

♦ 

♦ 

630 

10 

. 

» 

* 

6X9 

20 

2*00 

620 

20 

♦ 

♦ 

701* 

0.60 

1150 

5 

5900 

78.2 

70J* 

_.s _ 

;*000  k 

* 

7*1* 

0.41 

1150 

1» 

i 

12*70  x 

. 

7*2* 

15 

* 

Ml* 

0.62 

1150 

15 

3000 

. 

M2* 

15 

.3300 

- 

753* 

15 

3090 

- 

75** 

15 

;7990 

- 

4  T9* 

30 

• 

#•0* 

30 

a 

715* 

0.43 

1150 

30 

5100 

7*. 6 

716* 

30 

3090  x 

- 

755* 

30 

53*0 

71.6 

756* 

30 

7180 

57.6 

729* 

60 

2900  x 

730* 

60 

?*oo  • 

- 

7*7* 

to 

3190  a 

- 

7*1* 

60 

- 

2500 

- 

693* 

0.65 

1150 

15 

*000 

69** 

15 

5950 

57.* 

*99* 

30 

2100 

- 

700* 

30 

2700 

. 

731* 

30 

• 

• 

732* 

30 

•  Na  fractwr*  at  MOO  lb.,  cqulvtUat  «•  aaar  90  kai. 

•  Uartar  mtc.  N1*m«i  load  ta  6300  *qul*«l*»t  ta  o*r  90  kai. 
a  ITa-aaiatiag  ataafc,  aa  limn  by  disaalarad  part  of  fraatara  tarfaea. 


TABLE  X.  RESTORATION  OF  DUCTILITY  OF 
BARS  OF  ABS-B  STEEL  PRESTRAINED  AT  70  F 
HEAT  TREATED  AT  1000  F  &  1050  F;  TESTED 
AT  -16  F. 


■AR 

PRE- 

HCAT  TIE  AWE  NT 

TCST  LOAD  (lb) 

FRACTURE  STRFSS 

Hlnutes 

Arr.  Crack 

Tract ure 

*H/bd3  k»l 

0*3 

0.  *9 

1000 

30 

*6*0 

0** 

30 

3090 

097 

60 

*120 

•2.0 

oia 

60 

2160 

71.7 

091 

120 

3090 

7*. 6 

092 

120 

3090 

7*. 3 

033 

0.51 

1000 

30 

2990 

# 

03* 

30 

*5*0 

0*5 

60 

*7*0 

0*6 

60 

2990 

073 

120 

**30 

92.* 

07* 

120 

3920 

62.7 

021 

0.55 

1000 

60 

2*90 

022 

60 

3090 

035 

120 

*7*0 

036 

120 

3090 

ci*i 

0,*9 

1050 

3 

• 

.06* 

3 

♦ 

051 

0.51 

1050 

3 

'  ♦ 

052 

3 

• 

0*7 

9 

♦ 

* 

0*1 

9 

• 

♦ 

037 

15 

♦ 

* 

031 

15 

♦ 

023 

30 

♦ 

02* 

30 

♦ 

093 

0.53 

1050 

. 

|*«30 

8*.* 

09* 

9 

*5*0 

65.1 

0*5 

15 

3300 

79.7 

09* 

15 

♦ 

0*1 

30 

• 

« 

092 

30 

♦ 

♦ 

077 

10 

♦ 

♦ 

071 

90 

♦ 

♦ 

025 

0.55 

1050 

60 

2*90  a 

. 

02* 

60 

*5*0 

039 

120 

*950 

0*0 

120 

— 

*150 

♦  No  fracture  at  5000  lb.,  equivalent  to  «*»r  10  kai. 


a  Pra-aaiatlnc  crack,  aa  mhovn  by  dlacoiored  part  of  fractura  aurfaca. 


The  scatter  of  the  results  is  considerably 
greater  and  the  transition  from  brittle  to 
ductile  less  sharp  than  with  non  heat- 
treated  bars.  There  are  indications  that 
the  ductility  is  restored  gradually  during 
heating.  Although  the  loads  appear  to  in¬ 
crease  gradually  with  heating  time  up  to 
5000  lb.  (or  6300  lb.  for  the  shorter  bars), 
very  rarely  did  fractures  occur  at  the 
higher  loads  (up  to  7000  lb.)  at  which  the 
bars  were  frequently  tested.  The  5000  lb. 
(or  6300  lb.)  still  shows  the  restoration 
of  an  appreciable  ductility,  with  ex- 
tensional  strains  well  over  0.10. 

In  spite  of  scatter,  the  results  indicate 
an  unexpected  dependence  of  the  least 
necessary  duration  of  heating  on  the 
amount  of  prestrain.  Approximate  curves 
of  the  minimum  heating  time  needed  to 
restore  the  ductility  have  been  plotted  as 
functions  of  prestrain,  except  for  the 
heat  treating  temperature  of  850°F.  (Fig. 


14,  above),  where  the  scatter  was  too 
great.  The  heating  time  increases  so 
rapidly  with  prestrain,  that  an  effective 
cut-off  prestrain  appears  to  exist  beyond 
which  restoration  of  ductility,  if  at  all 
possible,  would  not  be  practical.  It  is  not 
known  whether  any  deterioration  of  the 
steel  under  prolonged  heating  contributes 
to  this  effect.  The  collected  curves  for 
all  straining,  heat  treating,  and  testing 
temperatures  are  shown  in  Figure  17. 
The  unexpected  dependence  of  heating 
time  on  amount  of  prestrain,  and  its  ex¬ 
pected  inverse  dependence  on  heat  treat¬ 
ing  temperature  are  clearly  indicated. 
This  is  also  shown  in  Fig.  18  where  the 
approximate  minimum  heat  treating  time 
is  plotted  against  the  heat  treating  tem¬ 
perature  for  various  constant  prestrains 
at  550°F. 


3d.  A  tentative  explanation  of  the ‘‘worst” 
prestraining  ~iemn«rature.  very 
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TABLE  XI.  RESTORATION  OF  DUCTILITY  OF 
BARS  OF  ABS-B  STEEL  PRESTRAINE  D  AT  70  F 
HEAT  TREATED  AT  1100  F;  TESTED  AT  -16  F. 


♦  Mo  fnetm  st  MOO  Ik.,  to  orr  M  kal. 

*  Pra-csia* lac  crook,  oc  ok— ■  ky  dlsoclorsd  part  of  frootoi*  aarfaso. 


TABLE  XII.  RESTORATION  OF  DUCTILITY  OF 
BARS  OF  ABS-B  STEEL  PRESTRAINED  AT  70  F 
HEAT  TREATED  AT  1150  F;  TESTED  AT 
-16  F. 


0.45 


0.50 


0.55 

COMPRE55IVE  PREST  RAIN 


0.60 


0.65 


FIG.  6.  RESTORATION  OF  DUCTILITY 
AFTER  PRESTRAIN  AT  70  F .  HEAT 
TREATMENT  AT  1000  &  1050  F;  TESTS 
AT  70  F. 


o  Pro-on  i  at  lot  crock,  «a  afiwm  by  discolored  pen  of  frost  TO  serf  see. 


interesting  though  not  altogether  unex¬ 
pected  result  is  the  restoration  of  ductility 
of  hot  strained  bars  at  temperatures  as 
low  as  700PF.  As  shown  in  Figure  13  and 
Table  XVII,  bars  prestrained  a  little  above 
the  exhaustion  limit  and  heat  treated  at 
750  °F  and  700pF  for  periods  of  1  or  2 
hours,  may  be  ductile  at  -16°F.  Likewise 
heat  treatment  at  75(rF  for  1-2  hours 
restores  ductility  at  7(r  F  to  bars  strain¬ 
ed  just  over  the  exhaustion  limit  at  550^F 
(Table  XIII).  Some  ductility  is  very  likely 
restored  even  in  shorter  heating  periods, 
or  at  slightly  lower  temperatures,  though 
not  sufficient  to  enable  the  bars  to  with¬ 
stand  the  full  straining  caused  by  a  5000 
lb.  load.  An  explanation  may  then  be 
offered  for  the  existence  of  a  “worst" 


TABLE  XIII.  RESTORATION  OF  DUCTILITY  OF 
BARS  OF  ABS-B  STEEL  PRESTRAINED  AT  550  Fi 
HEAT  TREATED  AT  750  &  800  F;  TESTED  AT 
70  F. 


BAR 

PHiL 

HtAT  TKkATMtNT 

TtbT  L0AU  (lb) 

frkACmb  faTRubb 

aTHAlh 

°P 

Ml nutta 

Arr.  Crack 

Practura 

4H/bd2  kal 

b-322 

0.37 

730 

oO 

. 

3o00 

b-323 

DO 

- 

2680 

120 

- 

4020 

85.2 

■  b-321 

* 

o -242 

0.37 

aoo 

3 

1230 

1440 

0-2143 

3 

- 

1630 

42.2 

10 

- 

3090 

69.0 

b-241 

10 

- 

2470 

56.2 

20 

2060 

B-277 

20 

_ 

* 

B-330 

30 

. 

* 

.. 

B-331 

30 

♦ 

♦ 

B-290 

O.bO 

800 

20 

_ 

1830 

43.5 

20 

2470 

57.8 

B-294 

40 

- 

3300 

60.0 

40 

- 

3920 

«4.0 

80 

oOO 

B-297 

80 

B-326 

120 

_ 

* 

B-327 

120 

- 

* 

- 

B.  292 

0.1*3 

800 

40 

. 

3090 

74.3 

B-293 

40 

. 

2o8  0 

6-298 

60 

_ 

1650 

6*299 

60 

3300 

b-302 

120 

4330 

B-303 

120 

3920 

♦  No  fracture  at  5000  lb.,  equivalent  to  over  00  leal 


TABLE  XIV.  RESTORATION  OF  DUCTILITY  OF 
BARS  OF  ABS-B  STEEL  PRESTRAINED  AT  550  F; 
HEAT  TREATED  AT  850  &  900  F;  TESTEDAT  70  F 


BAR 

PrtE- 

iieXT  . hrfail.<aM' 

lofa.  LOAD 

(lb) 

rrtAt-'I  :'RK  faTRaLfa 

fa  TiiA  tN 

Oy 

K!n  .ces 

Arr.  Cra  k 

Kraci  .r* 

uX/ui2  kal 

e*25l» 

0.3? 

050 

3 

. 

1-  '0 

3m.  n 

6*253 

5 

Ill0 

16-  * 

. 

in 

33» 

73.6 

o*-r7 

10 

- 

10  .0 

6  .7 

fa* 

20 

. 

♦ 

20 

- 

* 

0+2M 

0.««) 

n-0 

_ 

3100 

/6.0 

6*281 

20 

. 

H-0 

-.o.B 

o*236 

40 

- 

2270 

*0.2 

0.26/ 

40 

. 

♦ 

* 

o*326 

&0 

. 

♦ 

* 

B*32.' 

60 

- 

•* 

* 

0*300 

0.43 

tKO 

40 

. 

2mm-* 

-“.0 

6*^01 

40 

1440 

K  0 

. 

fa*  332 

60 

- 

3411 

o.O 

4*363 

60 

- 

FOi.  1 

hi..  3 

fa*  304 

120 

fa*  30  s 

120 

- 

» 

*■ 

fa*  334 

0.43 

630 

120 

V»20 

T.2 

fa*33* 

l.i 

‘ 

U-00 

77.  b 

6*296 

0.3/ 

**A.l 

*. 

. 

3-10 

76.2 

»*2**n 

■> 

- 

♦ 

fa*  268 

19 

- 

♦ 

fa*20M 

10 

- 

*■ 

* 

b*2o2 

0.40 

900 

3 

. 

226 1 

-1.7 

fa*2o3 

5 

2m  3.1 

di.  7 

b*  c'tt. 

IO 

♦ 

b*2t7 

10 

- 

* 

+ 

b*.b4 

0.63 

960 

1? 

. 

2.  *  ' 

33.7 

t  ■ 

in 

- 

1  ir  ■. 

43.6 

fa*  2  8 

20 

. 

1--0 

43.2 

fa*  2  /U 

20 

• 

61.0 

fa*  20  2 

40 

- 

t*26_‘ 

40 

- 

lln*  1 

24.1 

fa*  iOb 

0.66 

«O0 

61 

11?' 

11*1*0 

. 

fa*  S  <7 

60 

l'U." 

3-..H 

fa*  .Ufa 

•0 

20b'' 

ro-o 

r*.*W 

MO 

13-.0 

3-m 

- 

fa*  310 

l.’o 

♦ 

* 

fa*  511 

120 

* 

* 

*■ 

♦  Nc  iract.ri-  at  >0  It..,  eq.lval*r»t  t<  ever  ttal 


COMPRESSIVE  PRESTRAIN 


FIG.  7.  RESTORATION  OF  DUCTILITY 
AFTER  PRESTRAIN  AT  70  F.  HEAT 
TREATMENT  AT  1100  &  1150  F;  TESTS 
AT  70  F. 


temperature  around  550°F  at  which  the 
exhaustion  limit  is  least,  and  for  the 
rapid  increase  of  exhaustion  limit  as  the 
prestraining  temperature  is  raised  above 
600°F  (Figures  4  and  5).  The  strain 
hardening,  aging,  and  embrittlement  ap¬ 
pear  to  increase  with  the  temperature,  at 
least  up  to  a  point.  Simultaneously  a 
recovery  or  restoration  of  ductility  ap¬ 
pears  to  occur  above  a  certain  tem¬ 
perature  and  to  become  faster  as  the 


TABLE  XV.  RESTORATION  OF  DUCTILITY  OF  TABLE  XVII.  RESTORATION  OF  DUCTILITY  OF 
BARS  OF  ABS-B  STEEL  PRESTRAINED  AT  550  F  BARS  OF  ABS-B  STEEL  PRESTRAINED  AT  550  F; 
HEAT  TREATED  AT  950  &  1000;  TESTED  .  HEATTREATED  AT  700-800  F;  TESTED  AT -16  F 

AT  70  F.  r~BiH  r  put-  ing?  trea thkkt' ~j  testtoad  tth  j^kactohi- 


1  l-ha-  i  hfcAT  TritHlKLK?  TEST  LOAD  (lb)  FRA  VI” ‘HE  STRESS 
I  c IRA  l  N  I  CF  I Hi no tea  Arr.  Crack  I  Fracture  LM/bd2  ksl 


950 

3 

3 

5 

5 

£>♦340  I  U.b2 
8*341  I  u.52 


HEA'l  TREATMENT  TEST  LOAD  ( 111  FRACTURF  SThhb 
°K  Ml  note*  Arr.  Crack  Fracture  4M/bd2  kal 
700  30  -  L|  330  81.4 


eq  1  valent  u  over 


TABLE  XVI.  RESTORATION  OF  DUCTILITY 
OF  BARS  OF  ABS-B  STEEL  PRESTRAINED 
AT  550  F  HEAT  TREATED  AT  1050  F; 
TESTED  AT  70  F. 


•'Hm , 

|  ISSmSICiSI  I 


TABLE  XVIII.  RESTORATION  OF  DUCTILITY  OF 
BARS  OF  ABS-B  STEEL  PRESTRAINED  AT  550  F 
HEAT  TREATED  AT  850  F;  TESTED  AT  -16  F. 


BAR  PH&-  |  HaA'I  1  HEATH  ENT  I  leST  LOAD  (lb) 


STRAIN  °F  I  Minute*  Arr.  Crack 


PRACTICE 

UH/bd2 


B *200 
Be  201 

O.UO 

Be  206 
Be  207 

0.43 

Be258 
Be  259 

0.46 

t*342  0.^3 

*♦343  | 


B-329  0.3V 

8-330 


♦  No  fracture  at  5000  lb.,  equivalent  to  over  80  kal 


13 


TABLE  XIX.  RESTORATION  OF  DUCTILITY  OF 
BARS  OF  ABS-B  STEEL  PRESTRAINED  AT  550  F 
HEAT  TREATED  AT  900  F;  TESTED  AT 
-16  F. 


b An 

Pur- 

H4«r 

TREATMENT 

Tool'  LOAD 

(lb) 

FRACTURE  STRESS 

STRAIN 

°F 

Minutes 

Arr.  Crack 

Pract'.re 

JiM/bd2  kal 

B-*3o" 

0.2u 

900 

3 

. 

♦ 

* 

I'-w 

3 

3rno 

71.2 

b-236 

0.2? 

900 

3 

_ 

2040 

U5.3 

■-•-*39 

3 

- 

2d80 

*1.9 

B-230 

& 

- 

♦ 

+ 

B-231 

5 

- 

3000 

63.6 

b-Jll/ 

10 

. 

b-31,0 

10 

- 

2680 

55.3 

b-37V 

20 

_ 

+• 

B-376 

20 

- 

♦ 

* 

B-24o 

0.30 

900 

5  ' 

+ 

B-21|  / 

5 

. 

4360 

B-349 

15 

_ 

B-350 

15 

- 

2880 

B-393 

60 

_ 

B-39U 

DO 

- 

* 

+ 

B-27o 

0.33 

900 

5 

_ 

lllllO 

b-277 

5 

- 

?}?0 

b-254 

10 

- 

* 

-4- 

B-255 

10 

- 

3500 

b-321 

20 

_ 

♦ 

B-322 

20 

- 

3060 

65.5 

b-351 

30 

- 

3710 

83.9 

B-352 

30 

- 

* 

B-361 

60 

- 

♦ 

♦ 

£3-362 

60 

- 

3620 

81.1 

B-363 

120 

. 

B-36L 

120 

- 

♦ 

♦ 

b-33^ 

0.3b 

400 

20 

_• 

22o0 

51.2 

b-336 

20 

- 

3300 

73.0 

b-301 

60 

- 

1050 

42.8 

£3-302 

60 

- 

1560 

35.5 

B-31.1 

120 

- 

♦ 

b-342 

120 

- 

3710 

83.0 

b-335 

0.39 

400 

60 

3500 

78.1 

b-33e 

60 

* 

2670 

55.0 

♦  No  i'racturo  at  6000  10.,  equivalent  to  over  8o  kal 


TABLE  XXI.  RESTORATION  OF  DUCTIUTY 
OF  BARS  OF  ABS-B  STEEL  PRESTRAINED  AT 
550  F  HEAT  TREATED  AT  1000  F;  TESTED 
AT  -16  F. 


BAR 

PRE- 

HbAI  THeATMENT 

TEST  LOAD  (lb) 

FRACTURE  STRESS 

6THAIN 

°F 

Mlnutea 

Arr.  Crack 

Fracture 

4M/bd2  kal 

B-£d6 

0.24 

1000 

3 

_ 

B-267 

3 

- 

♦ 

■* 

B-270 

0.27 

1000 

3 

_ 

2680 

B-271 

3 

_ 

+ 

. 

B-214 

5 

. 

+ 

* 

B-2 15 

5 

- 

♦ 

+ 

B-260 

0.30 

1000 

5 

B-261 

5 

- 

♦ 

♦ 

B-256 

0.33 

1000 

5 

_ 

♦ 

b-257 

5 

. 

2o80 

58.5 

B-222 

10 

_ 

♦ 

B-223 

10 

- 

♦ 

+ 

B-210 

0.35 

1000 

20 

. 

* 

B-211 

20 

- 

3090 

58.3 

B-381 

0.39 

1000 

40 

B-302 

40 

- 

» 

♦ 

B-291 

0.I4O 

1000 

20 

. 

+ 

+ 

B-292 

20 

- 

2890 

6-385 

0.43 

1000 

60 

. 

4120 

89.1 

ri-386 

60 

_ 

B-395 

90 

. 

2470 

59.5 

B-396 

90 

- 

3300 

76.6 

B-397 

0.46 

1000 

90 

. 

1440 

2b8o 

35.1 

B-398 

90 

_ 

65.4 

♦  No  fracture  it  5000  lb.,  equivalent  to  over  So  kal 


TABLE  XX.  RESTORATION  OF  DUCTIUTY  OF 
BARS  OF  ABS-B  STEEL  PRESTRAINED  AT  550  F 
HEAT  TREATED  AT  950  F;  TESTED  AT  -16  F. 


dAH 

p«fc- 

.■Em  1 

HtuTKcNT 

ib£'I  LOAD 

(lb) 

FRACTURE  STRESS 

oIKA.S 

CE 

Mlnutet 

Arr.  Crack 

Fracture 

4M/bd2  kal 

a-226 

0.24 

450 

3 

. 

42n0 

82.0 

e-224 

3 

" 

* 

* 

S-268 

0.27 

950 

3 

. 

3710 

70.7 

3 

_ 

B-260 

5 

- 

♦ 

* 

e-2ul 

5 

’ 

* 

* 

fa-2ot' 

0.30 

4^0 

5 

- 

ts-263 

5 

• 

2260 

48.0 

r-ci  8 

10 

- 

♦ 

b-2t'i 

10 

- 

♦ 

* 

r-272 

0.3* 

950 

10 

. 

2370 

B-273 

10 

‘ 

3090 

b-339 

0.3© 

950 

20 

. 

22e0 

50.3 

r-  <60 

20 

- 

♦ 

♦ 

6-343 

30 

22e0 

2880 

.  - 

r-361* 

30 

‘ 

* 

B-363 

0.37 

450 

60 

39*0 

4120 

_ 

B-386 

DO 

• 

* 

* 

B-i'i4 

0.40 

950 

20 

. 

26«0 

59.2 

:'-27p 

20 

. 

1690 

3°. 7 

B-261 

40 

t-202 

40 

- 

* 

♦ 

B-244 

0.43 

950 

50 

_ 

2780 

64.7 

D-  .>00 

•50 

- 

2880 

67.8 

c-359 

90 

- 

2600 

63.0 

6-360 

90 

- 

2680 

63.3 

b-391 

120 

- 

♦ 

♦ 

B.392 

120 

_ 

♦ 

♦  Kg  Fracture  at  5000  lb.,  equivalent  tc  ever  60  kal 


TABLE  XXII.  RESTORATION  OF  DUCTIUTY 
OF  BARS  OF  ABS-B  STEEL  PRESTRAINED 
AT  550  F  HEAT  TREATED  AT  1050  F;  TESTED 
AT  -16  F. 


BAR 

PRE- 

HEAT  TREATMENT 

TEST  LOAD 

(lb) 

FRA  TUBE  STRESS 

STRAIN 

oF 

Mlnutea 

Arr.  Crack 

Fracture 

4M/bd2  kal 

B-200 

0.24 

1050 

3 

. 

♦ 

♦ 

B-201 

3 

- 

* 

B-206 

0.27 

1050 

3 

_ 

♦ 

+ 

B-205 

3 

“ 

* 

b-203 

0.  JO 

1050 

3 

- 

♦ 

d-204 

3 

* 

* 

* 

b-25B 

0.32 

10  s>0 

3 

. 

lb90 

b-259 

3 

- 

♦ 

♦ 

B-210 

5 

- 

♦ 

♦ 

B-219 

5 

* 

* 

♦ 

fa- 2*0 

0.3P 

1050 

10 

. 

3509 

7*. 8 

B-221 

10 

- 

43©0 

83.0 

B-206 

20 

- 

♦ 

♦ 

8-207 

20 

- 

3090 

67.7 

B-224 

0.40 

1050 

20 

_ 

♦ 

♦ 

B-225 

20 

- 

3710 

83.1 

B-403 

60 

- 

“3190 

70.0 

B-40U 

60 

- 

* 

* 

B-405 

0.43 

1050 

90 

. 

♦ 

♦ 

B-4O6 

90 

* 

* 

♦ 

b-264 

0.44 

1050 

20 

. 

3510 

B-265 

20 

* 

3920 

♦  No  fracture  at  5000  lb.,  equivalent  tu  over  60  kal 
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temperature  rises.  The  final  behavior 
of  the  steel  should  be  governed  by  the 
net  effect  of  the  two  counteracting  in¬ 
fluences.  Under  the  present  test  con¬ 
ditions  the  two  influences  cause  the  worse 
embrittlement  at  about  550°F.  Above  this 
temperature  the  rate  of  recovery  is 
stronger  and  restores  more  ductility  than 
is  exhausted.  A  gain  of  restoration  over 
exhaustion  of  a  few  per  cent  for  every 
5CP  F,  is  sufficient  to  produce  the  shape 
of  the  curves  of  Figures  4  and  5. 


PRESTRA1NED  550*F  } 

HEAT  TREATED  850*F  | 

TESTED  ~I6*F  | 


EXH  LIMIT  021-022  | 


COMPRESSIVE  PRCSTRAIN 


FIG.  14.  RESTORATION  OF  DUCTILITY 
AFTER  PRESTRAIN  AT  550  F  HEAT 
TREATMENT  AT  800  &  850  F;  TESTS 
AT  -16  F. 


COMPRESSIVE  PRESTRAIN 


FIG.  15.  RESTORATION  OF  DUCTILITY  AFTER 
PRESTRAIN  AT  550  F  HEAT  TREATMENT  AT 
900  &  950  F;  TESTS  AT  -16  F. 


FIG.  16.  RESTORATION  OF  DUCTILITY  AFTER 
PRESTRAIN  AT  550  F  HEAT  TREATMENT  AT  1000  & 
1050  F;  TESTS  AT  -16  F. 


HEAT  TREATING  TIME  (MINUTES)  TIME  (MINUTES) 
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FIG.  17.  APPROXIMATE 
CURVES  OF  MIN.  HEAT 
TREATING  TIME  VS. 
PRESTRAIN  FOR  ABS-B 
STEEL  BARS  PRESTRAINED 
AT  70  AND  550  F  AND 
TESTED  AT  70  AND 
-16  F. 


FIG.  18.  APPROXIMATE 
CURVES  OF  MINIMUM  HEAT 
TREATING  TIME  VS.  TEMPERATURE 
FOR  ABS-B  STEEL  BARS  PRE¬ 
STRAINED  BY  CONSTANT 
AMOUNTS  AT  550  F  AND 
TESTED  AT  -16  F. 


4.  CONCLUSIONS 

It  has  been  found  that  ABS-B  stee^ 
like  other  steels  studied  in  the  past, 
suffers  a  sudden  reduction  of  the  ex- 
tensional  ductility  at  a  narrowly  deter¬ 
mined  limit  of  compressive  prestrain. 
The  exhaustion  limit  was  determined  for 
prestraining  at  70°  and  -16°F.  A  “worst" 


prestraining  temperature  was  again  found 
at  about  550°F,  where  the  exhaustion 
limit  was  about  half  as  high  as  at  70°F. 

Heat  treatment  at  temperatures  above 
1000°  f  of  bars  embrittled  by  cold  strain¬ 
ing  was  found  to  restore  sufficient  duc¬ 
tility  to  permit  extensional  strains  of 
over  0.10  (10%)  without  fracture.  The 
required  duration  of  heating  was  found 
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to  increase  vei'y  rapidly  with  the  amount 
of  prestrain,  so  that  at  each  of  the 
tested  temperatures  a  practical  cut-off 
prestrain  existed,  beyond  which  imprac- 
tically  long  heating  times  appeared  to  be 
needed.  The  required  heat  treating  time 
decreased  rapidly  as  the  temperature 
was  raised. 

Restoration  of  ductility  was  much  faster 
and  could  be  achieved  at  considerably 
lower  temperatures  in  bars  which  had 
been  embrittled  by  prestraining  at  550°F 
than  at  70°F.  Bars  prestrained  little  be¬ 
yond  the  exhaustion  limit  at  550° F  could 
be  made  ductile  in  two  hours  even  at 
700°  F.  It  appears  that  the  process  of 
restoration  of  ductility  takes  place  con¬ 
tinuously  and  gradually  during  heat  treat¬ 
ment,  and  that  some  restoration  of  duc¬ 
tility  may  occur  even  in  short  heating 
cycles  and  at  lower  temperatures  than 
700°F.  The  “worst"  prestraining  tem¬ 
perature  would  then  appear  to  result 
from  the  most  unfavorable  net  effect  of 
two  opposite  tendencies,  namely  the 
embrittlement  by  straining  and  aging,  and 
the  rate  of  recovery,  both  of  which  appear 
to  increase  with  temperature. 

It  may  be  concluded  that  suitable  heat  j 
treatment  can  restore  sufficient  ductility  j 
to  prevent  brittle  failures,  but  requires  a 
specified  time  which  depends  not  only  on 
the  temperature  but  also  quite  strongly 
on  the  type  and  amount  of  prestrain  em¬ 
brittlement.  The  experimentally  de-  j 
termined  time  -temperature  -prestrain 
curves  with  ABS-B  steel  indicate  the 
following  trends: 

A.  Restoration  of  ductility  is  easier 
in  hot  than  in  cold  strained  bars. 

B.  Some  restoration  of  ductility  ap¬ 
pears  to  occur  even  at  700°,  and  , 
maybe  even  less,  for  hot  strained 
bars. 

C.  The  required  heating  time  in¬ 

creases  with  the  amount  of  pre¬ 
strain,  and  becomes  impractically 
long  beyond  a  certain  limiting  : 
prestrain.  1 


D.  An  increase  of  temperature  re¬ 
duces  the  required  heating  time 
and  increases  the  limiting  pre¬ 
strain. 

E.  Heating  for  about  1/2  to  1  hour 
at  1050°F  or  more  would  seem 
necessary  for  bars  strained  hot, 
and  at  1150°F  or  more  for  bars 
strained  cold.  It  is  not  known, 
however,  if  these  heat  treatments 
are  sufficient  for  the  most  severe 
prestrains. 
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